Synchrotron radiation from dipole magnets in electron storage rings has emerged as a useful source of x-rays for lithography. To meet the need for these sources numerous groups around the world have embarked on projects to design and construct storage rings for x-ray lithography. Both conventional electromagnets as well as superconducting (SC) dipoles have been incorporated into the various designs. An overview of the worldwide effort to produce commercial x-ray sources will be presented. To better illustrate the elements involved in these sources a closer examination of the Superconducting X-ray Lithography Source Project ( S X L S ) at BNL will be presented.
Introduction
X-ray lithography'-3 has emerged as a strong candidate to meet the demands of ever finer linewidths on integrated circuits, particularly for linewidths less than .25 microns. X-ray lithography makes use of soft x-rays to shadow print an image of a mask onto a semiconductor wafer to produce integrated circuits. To produce the required x-rays in sufficient quantities to make commercial production viable, electron storage rings have been proposed as the soft x-ray sources. Existing storage rings have been used to do the initial development work and the success of these efforts has led the lithographers to request that new rings be constructed that are dedicated to x-ray lithography.
As a result of a series of workshops held at BNL4 which were attended by both semiconductor and accelerator scientists the following set of 'zeroth order specifications' on the light and electron beam of a storage ring for x-ray lithography were developed:
It is certainly possible to design both conventional and superconducting magnet based rings to meet the above specifications but tradeoff questions such as "Would you accept a beam with ox > 1 mm in order to reduce the circumference of the ring?" can only be answered by the lithographers. Along with the above requirements came the desire to have as low an injection energy as is possible for a commercial storage ring.
Design of Storage Rings for X-ray Lithography
The gross parameters of an electron storage ring to meet the above requirements can be obtained from the following formulas where E and I are the energy and current of the electrons, B and p are the dipole field strength and bending radius and C is the circumference of the ring, respectively: Conventional magnet rings have the advantage that they are based on well established technology which should provide high reliability and they could be made available in roughly the time it takes to build them (= 2 years).
In contrast, the superconducting magnet ring while being a challenging physics and engineering problem, requires considerable research and development to perfect the dipole. At this time, while at least 2 machines are in the early stage of commissioning, no SC machine is yet operating at an acceptable level of performance.
The smaller 'footprint' of the SC machine, C = 8-15 m, has proven seductive to several potential lithographers as at least 2 machines have been sold to industry; Hitachi participated in the design and manufacture of a machine that has been delivered to the Nippon Telephone and Telegraph Co. (NTT) and Oxford Instruments is producing a machine for IBM. The smaller C and p of the SC machine provides a smaller damping time, zi, for a fixed energy which should help with low energy injection, i.e., where the Ji are the damping partition numbers.
To insure that a storage ring source of soft x-rays will be available, both EM and SC rings are being built and a survey of these efforts is given in succeeding sections.
Existing Rings As Lithography Sources
The proof of principle of electron storage ring based x-ray lithography has been done on existing storage within the past five years. Table 2 lists the existing conventional magnet storage rings that are known to the author to be used today for x-ray lithography. The author would like to caution the reader that this list may not be complete as other rings in the energy range .7-3 GeV are also suitable lithography sources. In general, the users of the beamlines are semiconductor manufacturers, e.g., at the NSLS, IBM has 2 beamlines and at the KEK Photon Factory, Fujitsu, Hitachi. NEC and NTT, each have 1 beamline. Table 2 : Existing conventional magnet rings being used for xray lithography.
New Conventional Magnet Rings
Since the number of beamlines on existing rings is limited and the development of superconducting magnet based rings will require additional work, new conventional magnet storage rings have been built to fill the gap. Table 3 lists the new conventional magnet storage rings that are being built for the purpose of x-ray lithography. Diversity probably best describes the numerous approaches as various lattice configurations and injectors are being tried.
The first four machines listed in Table 3 State University campus by Maxwell-Brobeck Inc. The project began in December 1988 and the machine is scheduled for operation in early 1992 with 1 LSU sponsored lithography beamline to start with and plans for more later on.
New Superconducting Magnet Rings
In parallel with the construction of conventional magnet rings at least six SC magnet rings are currently under construction (see Table 4 AURORA will make use of a novel half integer resonance injection scheme'. For a weak focusing machine of the AURORA type an analytic expression for the electron beam sizes can be given in terms of the field index, n. the bending radius, p and the electron
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For typical values of the field index, 0 n c .75, this leads to horizontal electron beam sizes in the range of 1-2 mm. To lower the beam size the dipole magnets must be split into more pieces and quadrupoles must be added to reduce both the emittance and the dispersion. Split the magnet into more pieces also makes it easier to include the other necessary hardware such as the RF cavity, injection kickers. etc. The next four machines in Table 4 are machines making use of two 1800 dipole magnets.
The COSY ring at BESSY makes use of a 50 MeV racetrack microtron as an injector. While the superconducting magnets were being fabricated the machine was fitted with conventional magnets to study low energy injection. During that time up to 100 ma were stored. The SC magnets, constructed by Interatom, have since been delivered and the machine is currently undergoing commissioning.
"IT'S SUPER ALIS9 ring was designed and constructed in collaboration with Hitachi Corporation. A unique feature of this machine is that it has two injection septum magnets to accommodate very low energy injection (15 MeV) directly from a linac or full energy injection (600 MeV) from their conventional magnet booster/storage ring. It is also the only two dipole machine to have a magnet with an iron yoke. The last of the two 180' dipole rings, the SXLS ring at Brookhaven National Laboratory, will be described in some detail in the next section.
NIJI-111, which makes use of four 900 dipoles, is being built by Sumitomo Electric Industries in collaboration with ETL. The machine is located at ETL in Tsukuba and will make use of the existing linac as an injector. The two phase project makes use of low field iron dipoles to facilitate machine studies pending delivery of the superconducting dipoles. A unique feature of this machine is that superconducting dipoles are textbook cos(€)) magnets in the sense that there is no break in the outside of the coils to extract the light. The light is extracted from the end of the dipole magnets only thereby limiting the number of ports per dipole to 2-3. Like the rest of the NIJI series of rings, NIJI-I11 will wobble the beam vertically to scan the light over the wafer' '. In March 1988 the Superconducting X-Ray Lithography Source (SXLS) project at the National Synchrotron Light Source at Brookhaven was initiated with funding from the Defense Advanced Research Projects Administration (DAWA). The goals of the project are to design and construct a superconducting magnet based storage ring as an x-ray lithography source and to transfer the technology of how to build the machine to US industry. The Grumman Aerospace Corporation and General Dynamics were selected as the industrial participants. The initial projected funding for the project was twenty one million dollars spread over a five year period.
As the design and fabrication of the superconducting dipole requires a minimum of two years of work, the project is being executed in two phases. In Phase I the machine will be constructed with low field iron dipole magnets, B,,, = 1.1 T, with the same bending radius as the superconducting magnet. With this low field dipole the energy of the machine will be limited to E,,, = 200 MeV. The parameters of the storage ring can be seen in Table 5 and the betatron and dispersion functions are displayed in Figure 1 .
At present the design of the Phase I machine has been completed and all of the parts are on order. The parts will be delivered during the Spring and Summer of 1989 with magnet measurements following in the Fall. The completed Phase I machine is scheduled for commissioning in November 1989. The Phase I ring will be sited inside the existing 2.5 GeV x-ray :ron). Table 5 : S X L S Storage Ring Parameters Phase I1 of the project actually proceeds in parallel as the design of the superconducting dipole magnets is ongoing and nearly all of the hardware from Phase I simply carries over to Phase 11. Although for Phase I1 the RF system will be upgraded to operate at full power since the Phase I R?? system makes uses of an existing 211 MHz cavity that is only suitable for low power operation. The final realization of the superconducting dipoles is about 2.5 years away. After magnetic measurements the dipoles will be installed and the entire machine will be relocated, with a new dedicated injector, and the machine will be commissioned.
Conclusions
With at least four new conventional magnet machines and three new superconducting rings joining the ranks of operating or commissioning machines, the next 12 months should prove very exciting for the lithographers and the accelerator physicists working on the rings. Valuable information on the design and fabrication of small bending radius superconducting magnets and low energy injection into a storage ring should be forthcoming.
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